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(54) Method for heat treating tough and high-strength titanium alloys 



(57) The present disclosure describes methods of 
heat treating Ti-based alloys and various improvements 
that can be realized using such heat treatments. In one 
exemplary implementation, the invention provides a 
method of forming a metal memberthat involves forming 
an alloy into a utile shape and cooling the alloy from a 
first temperature above a beta transus temperature of 
the alloy to a second temperature below the beta tran- 
sus temperature at a cooling rate of no more than about 
30° F/minute. If so desired, the alloy my be treated for 
a period of about 1-12 hours at about 700-1100° F. Ti- 
tanium alloys treated according to aspects of the inven- 
tion may have higher tensile strengths and higher frac- 
ture toughness than conventional wrought, mill-an- 
nealed Ti 64 alloy. 
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Description 

TECHNICAL FIELD 

s [0001] The present invention relates to titanium metallurgy. The invention relates more particularly to processes for 
treating titanium alloys to enhance physical and mechanical properties of the alloys, such as tensile strength and 
fracture toughness. Aspects of the invention have particular utility in connection with light, high-strength structures, e. 
g., structural members for aircraft. 

10 BACKGROUND 

[0002] Titanium alloys are frequently used in aerospace and aeronautical applications because of their superior 
strength, low density, and corrosion resistance. Titanium and many titanium alloys exhibit a two-phase behavior. Pure 
titanium exists in an alpha phase having a hexagonal close-packed crystal structure up to its beta transus temperature 
15 (about 1 625° F). Above the beta transus temperature, the microstructure changes to the beta phase, which has a body- 
centered-cubic crystal structure. Pure titanium is unduly weak and too ductile for use in most aerospace and aeronau- 
tical applications, though. To achieve the necessary strength and fatigue resistance, titanium is typically alloyed with 
other elements. 

[0003] Certain alloying elements may affect the behavior of the crystal structure, allowing the beta phase to be at 
20 least metastable at room temperature. Alpha-beta alloys are typically made by adding one or more beta stabilizers, e. 
g., vanadium, that inhibit the transformation from beta to alpha and allow the alloy to exist in a two-phase alpha-beta 
form at room temperature. 

[0004] The two most prevalent titanium alloys in use in aerospace and aeronautical applications are likely Ti 64 and 
Ti 6242. Both of these alloys are titanium-based alloys, i.e., at least about 50% of the alloy comprises titanium. Ti 64 

25 is an alpha-beta alloy that consists principally of about 6 weight percent (wt.%) aluminum, 4 wt.% vanadium, and the 
balance titanium and incidental impurities. 71 6242 is also an alpha-beta alloy and it consists principally of about 6 wt. 
% aluminum, 2 wt.% tin, 4 wt.% zirconium, 2 wt.% molybdenum, and the balance titanium and incidental impurities. 
[0005] Beta and alpha-beta titanium alloys are known to be sensitive to the cooling rate when cooled from a tem- 
perature above the beta transus temperature. Figure 1 is photomicrograph (taken at 200x magnification) of a beta- 

30 annealed Ti 64 plate. Figure 2 is a photomicrograph (also taken at 200x magnification) of a Ti 6242 casting. Both of 
these microstructures exhibit a relatively coarse "basketweave" of alpha and beta crystals. The basketweave is coarser 
in the Ti 6242 alloy (Figure 2). Alpha phase is also precipitated at the grain boundaries in both alloys during cooling. 
This alpha precipitation significantly decreases ductility and reduces fatigue strength of the alloy. 
[0006] To achieve a commercially acceptable titanium alloy, it is well known in the art that the alloy must be cooled 

35 very quickly to limit the precipitation of alpha phase at the grain boundaries. For this reason, conventional wisdom 
dictates that beta and alpha-beta alloys such as Ti 64 and Ti 6242 must be quenched rapidly if heated to or above the 
beta transus temperature. Typically, the rapid cooling is at least as fast as air cooling. Alpha-beta titanium alloys are 
also frequently cooled even faster, e.g., with a gas, water, or oil quench. It has been suggested that cooling rates in 
the range of 700-1200° F per minute are optimal to maintain creep and low-cycle fatigue of alpha-beta Ti 6242S (which 

40 comprises 71 6242 with the addition of a minor fraction, e.g., 0.09 wt.%, of silicon), for example. (See, e.g., U.S. Patent 
5,698,050, the entirety of which is incorporated herein by reference.) 

[0007] Even if titanium alloys are heated to a temperature below the beta transus temperature, common knowledge 
dictates that the alloy should be cooled rapidly to maintain acceptable mechanical properties. For example, the United 
States Department of Defense has published specifications for the heat treatment of titanium alloys under Military 

45 Specification MIL-H-81200B, the entirety of which is incorporated herein by reference. In this military specification, all 
beta and alpha-beta titanium alloys are air-cooled, cooled with an inert gas, or quenched with water or oil; furnace 
cooling is specifically prohibited. The specifications further set forth maximum delay times of 10 seconds or less to 
initiate quenching to avoid undue precipitation of grain boundary alpha phase. Aerospace Material Specification AMS 
491 9B provides similar admonitions regarding cooling rates for beta and alpha-beta titanium alloys. 

so [0008] The need to rapidly quench beta and alpha-beta titanium alloys can limit their use in some structural appli- 
cations. For example, the properties of alpha-beta titanium alloys can drop off significantly as the thickness of a cast 
or forged part increases. This is due, at least in part, to the differential cooling rate between the outer portions and the 
inner portions of the formed structure. For 71 64 alloys, for example, the tensile strength and fracture resistance for 
cast or forged parts drops significantly in areas having a thickness of five inches or more. To compensate for the drop- 

55 off in mechanical properties, the thick parts of a cast or forged Ti 64 member must be made even thicker, both exac- 
erbating the cooling rate difficulties and increasing the weight and cost of the final finished part. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Figure 1 is a photomicrograph taken at 200x magnification of a conventionally processed beta-annealed Ti 
64 plate. 

5 [0010] Figure 2 Is a photomicrograph taken at 200x magnification of a conventionally processed 71 6242 casting. 
[0011] Figure 3 is a flowchart schematically illustrating aspects of a heat treatment in accordance with an embodiment 
of the invention, 

[0012] Figure 4 is a photomicrograph taken at 200x magnification of a Ti 5553 alloy heat treated in accordance with 
an embodiment of the invention. 
w [0013] Figure 5 is a perspective view of an airplane schematically illustrating one potential application for a titanium 
alloy structural member in accordance with an embodiment of the invention. 

DETAILED DESCRIPTION 

15 A. Overview 

[0014] Various embodiments of the present invention provide methods for heat treating titanium alloys and metal 
members comprising heat-treated titanium alloys, e.g., cast or forged titanium alloy parts. Aspects of the invention 
show significant promise as viable alternatives to conventional wrought Ti 64 and Ti 6242, likely the most common 

20 titanium alloys in the aircraft industry today. 

[0015] One embodiment of the invention provides a method of forming a metal member in which an alloy is formed 
into a utile shape. The alloy may comprise at least about 50 wt.% titanium and at least about 5 wt.% molybdenum. The 
alloy is cooled from a first temperature above a beta transus temperature of the alloy to a second temperature below 
the beta transus temperature at a cooling rate of no more than about 5° F per minute, Thereafter, the alloy optionally 

25 may be treated for a period of about 1 -1 2 hours at a third temperature of about 700-11 00° F. 

[0016] A method of forming a metal member in accordance with another embodiment of the invention involves forming 
an alloy into a utile shape. The alloy may comprise at least about 50 wt.% titanium and at least about 5 wt.% molyb- 
denum. The alloy is cooled from a first temperature above a beta transus temperature of the alloy to room temperature 
at a cooling rate of no more than about 30° F per minute. Thereafter, the alloy optionally may be treated for a period 

30 of about 1-12 hours at a third temperature of about 700-1100° F. 

[001 7] Another embodiment of the invention provides a method of heat treating a titanium-based alloy that comprises 
cooling the alloy from a first temperature above a beta transus temperature of the alloy to a second temperature below 
the beta transus temperature. This cooling may take place at a rate of less than 30° F per minute, e.g., about 1 -5° F 
per minute. 

35 [0018] A method of manufacturing an aircraft in accordance with another embodiment of the invention comprises 
forming a structural member and assembling the structural member into the aircraft. Forming the structural member 
may include forming an alloy into a utile shape, the alloy comprising at least about 50 wt.% titanium and at least about 
5 wt.% molybdenum. The alloy may be cooled from a first temperature above a beta transus temperature of the alloy 
to a second temperature below the beta transus temperature at a cooling rate of no more than about 30° F per minute. 

40 When assembled into the aircraft, the structural member may be in a load-bearing position in the aircraft and have an 
ultimate tensile strength of at least about 150 ksi and a K 1C fracture toughness of at least about 70 ksiVin. 
[0019] For ease of understanding, the following discussion is subdivided into two areas of emphasis. The first section 
outlines methods for heat treating titanium alloys in accordance with embodiments of the invention. The second section 
discusses specific applications for formed metal members in accordance with other aspects of the invention. 

45 

B. Methods of Heat Treating Ti Alloys 

[0020] Figure 1 schematically illustrates a heat treatment method 100 in accordance with an embodiment of the 
invention. In accordance with this method 100, a titanium-based alloy may be provided in any desired form. The tita- 

50 nium-based alloy is desirably either a beta titanium alloy or an alpha-beta titanium alloy, i.e., a titanium alloy that will 
exhibit both alpha and beta phases at room temperature. As discussed in more detail below, in select embodiments 
of the invention the alloy comprises at least about 50 wt.% titanium and at least about 5 wt.% molybdenum. 
[0021] The form in which the alloy is provided will depend in large part on the intended use of the alloy. In one 
embodiment, the alloy is formed into a utile shape before the heat treatment. For example, the alloy may be forged 

55 into the desired shape. As is known in the art, such forging will typically will take place at a temperature below the beta 
transus temperature. Alternatively, the alloy may be formed into a utile shape by various casting techniques. In one 
embodiment, the casting may take place at a temperature above the beta transus temperature for the alloy and the 
cast part may be subjected to the slow cool process 120 (discussed below) in cooling down from the initial casting. In 
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other embodiments, the casting may be cooled to a temperature below the beta transus temperature for hot isostatic 
pressing or the like. 

[0022] If the alloy is presented at a temperature that is below the beta transus temperature, it may be heated above 
the beta transus temperature in the heating process 110 of Figure 3. The beta transus temperature of the alloy may 

s be determined using conventional techniques, e.g., by testing representative samples from a lot of the alloy in accord- 
ance with MIL-H-81200B, mentioned above. In one embodiment, the alloy is soaked at a temperature that is about 50 
± 25° F above the determined beta transus temperature of the lot. In one embodiment, the soaking time is selected 
such that all portions of the alloy member are soaked at the target temperature for at least 30 minutes. This time may 
vary with the selected soak temperature, with soaking times decreasing with increasing temperature. 

10 [0023] After the alloy has been subjected to the heat process 110, it may be cooled in the slow cool process 120. 
This slow cool process 1 20 desirably takes place at a cooling rate that is substantially lower than conventional wisdom 
would dictate. As noted above, it is widely accepted that cooling of a beta-annealed beta or alpha-beta titanium alloy 
should be cooled at least as fast as air cooling, e.g., at a rate of about 700-1200° F for Ti 6242S. In contrast, cooling 
rates in the slow cool process 1 20 are desirably no greater than 30° F and may be less than 30° F. In one embodiment, 

*s the alloy is cooled in the slow cool process 120 at a rate of about 1-30° F per minute, e.g., about 1-10° F per minute. 
It has been found that the tensile strength and fracture toughness of at least some beta and alpha-beta alloys may be 
further enhanced by a particularly slow cooling rate. Hence, in further embodiments of the invention, the cooling rate 
in the slow cool process 1 20 is no more than about 5° F per minute, e.g. , 1 -5° F, with select embodiments being cooled 
at about 1-2° F per minute. 

20 [0024] Such slow cooling rates are counterintuitive given the consistent teachings in the art that beta and alpha-beta 
titanium alloys must be cooled quickly from beta anneal temperatures to maintain acceptable ductility and fracture 
toughness. As highlighted in some of the experimental examples below, a slow cool process 120 at a slow cooling 
rate, e.g., less than 30° F per minute, can yield strong, tough alloys. For example, select embodiments of the invention 
provide a heat-treated alloy having ultimate tensile strength of at least about 150 ksi and a K 1C fracture toughness of 

25 at least about 70ksh/in. 

[0025] The slow cool process 120 starts from a temperature above the beta transus temperature and continues to 
a second temperature that is below the beta transus temperature. In one embodiment, this second temperature is no 
greater than about 1500° F, e.g., 1400° F or less. In other embodiments of the invention, this second temperature is 
less than about 250° F. As explained below in connection with some of the experimental examples, continuing the slow 

30 cool process 1 20 until the alloy reaches room temperature, typically less than 1 00° F, will yield particularly good results. 
[0026] If the slow cool process 120 stops at an intermediate second temperature that is less than the beta transus 
temperature, but greater than room temperature, it may be subjected to a final cool process 130. In this final cool 
process 130, the temperature is reduced from the second temperature to room temperature at a cooling rate that is 
faster than the cooling rate in the slow cool process 120. In one embodiment, for example, the final cool process 130 

35 comprises allowing the alloy to cool from the second temperature to room temperature by air-cooling the alloy. If so 
desired, the alloy may be cooled even faster, e.g., by quenching with an inert gas, water, or oil. Such a final cool process 
130 can increase throughput of the heat treatment method 100 while achieving mechanical properties that may still 
surpass those conventionally obtained for Ti 64 and Ti 6242 alloys. 

[0027] Certain embodiments of the invention include an optional reheating process 140 in which the alloy is treated 

40 at an elevated temperature below the beta transus temperature. The temperature of the reheating process 140 and 
the soak time at the desired temperature may vary depending on the composition of the alloy and its desired properties, 
among other factors. Generally, though, such a reheating process 140 may comprise maintaining the alloy at a tem- 
perature of at least 700° F but below the beta transus temperature for a period of at least one hour. In select embod- 
iments, the reheating process 140 may comprise heat treating the alloy at a temperature of about 700-1100° F for 

45 about 1-12 hours. Although temperatures higher than 1100° F may reduce the time needed in the reheating process 
to achieve a desired property, temperatures in excess of 1100° F are not believe to be necessary for most alloys. 
[0026] Once the alloy has spent a sufficient soak time at the intended elevated temperature in the reheating process 
1 40, it may be cooled down to room temperature. Although a slow cooling rate, e.g., 30° F per minute or less, is typically 
used, substantially faster cooling rates may be used. In one embodiment, the alloy is cooled fairly rapidly after soaking 

50 at the intended reheating temperature, e.g., by air cooling or quenching. 

[0029] Figure 4 is a photomicrograph of an alpha-beta titanium alloy heat treated in accordance with an embodiment 
of the invention. The particular alloy shown in Figure 4 comprises Ti 5553 (also referred to as VT 22-1 ) which comprises 
principally about 5 wt.% aluminum, 5 wt.% molybdenum, 5 wt.% vanadium, and 3 wt.% chromium, with the balance 
comprising titanium and minor impurities. Comparing the photomicrograph of Figure 4 with Figures 1 and 2, which 

55 were also taken at 200x magnification, highlights the significant differences in microstructure between conventional 
titanium alloy heat treatment and heat treatment in accordance with embodiments of the present invention. Figures 1 
and 2 illustrate relatively coarse basketweave structures of long, relatively large alpha inclusions in a beta structure. 
A fair amount of the alpha structure is also precipitated at the grain boundaries in Figures 1 and 2. The structure shown 
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in Figure 4, in contrast, has an extremely fine basketweave structure that includes fine, acicular alpha phase and very 
little grain boundary alpha. This is particularly surprising in light of the common understanding in the art that beta and 
alpha-beta titanium alloys must be cooled very rapidly to avoid undue precipitation of grain boundary alpha phase. 

5 Experimental Examples 

[0030] Aspects of the present invention are highlighted and exemplified in the following experimental examples. 
These examples are intended to be illustrative, not restrictive, in nature and are not intended to narrow the scope of 
the invention. 

w 

Example 1 

[0031] Table 1 compares the effects of various heat treatments on yield strength, ultimate tensile strength, elongation, 
and fracture toughness. Thirteen samples (identified as samples A1-A13) of a Ti 5553 alloy (nominal composition of 

15 about 5 wt.% Al, 5 wt.% Mo, 5 wt.% V, 3 wt.% Cr, and balance Ti and impurities) were prepared. Each of samples 
A1 -A1 2 was soaked at a temperature above the beta transus temperature for a time deemed sufficient to convert the 
sample to beta phase, then cooled at a rate of 1° F/min. or 2° F/min. to room temperature, 1400° F, or 1500° F. Some 
of the samples were subjected to a reheating process 140 (Figure 3) in which they were soaked for about 8 hours at 
a temperature of about 1100° F. Those samples cooled to an elevated intermediate temperature of 1400° F or 1500° 

20 f and aged (samples A3, A5, A9, and A11) were air cooled to room temperature upon reaching the intermediate 
temperature; those cooled to an elevated intermediate temperature and not aged (A4, A6, A10, and A12) were held 
at the intermediate temperature for four hours then allowed to air cool. 

[0032] As a point of comparison, sample A13 was heat treated in a fashion one skilled in the art might suggest to 
achieve a high ultimate tensile strength and high fracture toughness. In particular, sample A13 was soaked at a tem- 
25 perature of about 20°C below the beta transus temperature for about 4 hours, furnace cooled to 1 454° F and held for 
3 hours then air cooled to room temperature, and then aged at 1150° F for 8 hours. 



Table 1 



30 



Sample 


Cool Rate 


End of Slow 


Age Temp 


Yield 


Ultimate 


Elongation 


Fracture 




(°F/min.) 


Cool 


(° F) 


Strength 


Strength 


(%) 


Toughness 






(° H 




(ksi) 


(ksi) 




K 1C 
















(ksh/in) 


A1 




RT 


1100 


142 


159 


10 


89.1 


A2 




RT 


N/A 


137 


151 


16.1 


81.2 


A3 




1400 


1100 


197 


199 


3.8 


41.4 


A4 




1400 


N/A 


121 


128 


16.9 


67.2 


A5 




1500 


1100 


** 


** 


** 


34.3 


A6 




1500 


N/A 


108 


118 


6.9 


62.6 


A7 


2 


RT 


1100 


145 


162 


15.2 


79.8 


A8 


2 


RT 


N/A 


143 


155 


13.8 


73.3 


A9 


2 


1400 


1100 


** 


** 


** 


43.8 


A10 


2 


1400 


N/A 


126 


134 


18.3 


86.8 


A11 


2 


1500 


1100 


*• 


** 


** 


33.6 


A12 


2 


1500 


N/A 


108 


121 


8.6 


56.9 


A13 


»30 


1454 


1150 


167 


182 


7.1 


46.6 


*** Samples A5, A9, and A11 broke 


during tensile testing before data was collected. 





[0033] The results in Table 1 suggests that slow cooling the alpha-beta Ti 5553 sample to room temperature in 
accordance with aspects of the invention can significantly improve the balance of tensile strength and toughness. The 
sample treated in accordance with common wisdom, sample A1 3, exhibited tensile strengths somewhat higher than 
the samples slow cooled to room temperature in accordance with the present invention (samples A1 , A2, A7, and A8). 
However, sample A13 was much less ductile (7.1% elongation) and less tough (K 1C fracture toughness of less than 
47 ksh/in) than any one of samples A1, A2, A7, and A8 (elongation of 10-16.1%, K 1C fracture toughness of at least 73 
ksiVin and as high as 89.1 ksh/in). Cooling at about 1 or 2° F/min to an intermediate temperature of 1400-1500°C did 
not appear to yield significant benefit over the more conventional treatment of sample A13. 
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Example 2 

[0034] The impact of a reheat process 1 40 (Figure 3) after beta annealing were analyzed. In addition, both reheated 
and non-reheated samples treated in accordance with aspects of the invention were compared to results obtained 
s using a conventional annealing process. Table 2 lists the results of this testing. 



Table 2 





Sample 


Heat Treatment 


Avg. Yield Strength 


Ultimate Strength 


Elongation 


Fracture Toughness 


10 






(ksi) 


(ksi) 


(%) 


K1C 












(ksh/in) 




B1 


P anneal, slow cool, 


143 


156 


13.0 


74.4 






no reheat 












B2 


p anneal, slow cool, 


147 


158 


12.3 


77.3 


15 




and reheat 












B3 


sub-p anneal, air 


180 


189 


8.8 


36.6 






cool, and age 











[0035] All three samples were Ti 5553 alloy. The first two samples, B1 and B2, were heated above the beta transus 
20 temperature and cooled at a rate of about 2° F/min to room temperature. Sample B2 was then reheated to about 1 1 00° 
F and held at that temperature for about 8 hours; B1 was tested without a subsequent reheat process 140 (Figure 3). 
The third sample, sample B3, was heat treated more conventionally by annealing at a temperature about 1 00° F below 
the beta transus temperature, then air cooling to a temperature of about 1 1 00° F) and aging at that temperature before 
testing. 

25 [0036] The sample subjected to a conventional air cooling process, sample B3, had yield and ultimate tensile 
strengths of 180 ksi or greater, but this conventional sample was quite brittle, with a K 1C fracture toughness of less 
than 37 ksh/in. Although the slow-cooled samples B1 and B2 had lower tensile strengths, their fracture toughness was 
more than double that of sample B3. This makes them much better suited for some applications, e.g., load-bearing 
members in aircraft, than the conventional heat treatment. 

30 [0037] Table 2 also highlights a surprising result of the reheating process 1 40 (Figure 3). Instead of sacrificing strength 
for improved toughness, as one might expect, the reheating process 140 increased toughness and increased the yield 
and ultimate strength of sample B2. 

Example 3 

35 

[0038] Although the slow cooling process 120 (Figure 3) appears to provide some advantage for a number of beta 
and alpha-beta titanium alloys, the advantages are more pronounced for alloys comprising more than 2 wt.% molyb- 
denum. Table 3 lists strength and toughness measurements for four different samples, C1-C4, each of which was 
heated to a temperature above its beta transus temperature and cooled at a rate of about 2° F/min to about 1100° F, 
4 ° held at about 1100° F for about 8 hours, then allowed to air cool to room temperature. 



Table 3 



Sample 


Alloy 


Avg. Yield 


Ultimate Strength 


Elongation 


Fracture 






Strength 


(ksi) 


(%) 


Toughness K1C 






(ksi) 






(ksh/in) 


C1 


Ti 5AI-5M0-5V- 


129 


142 


13.5 


110.0 




1CM Fe (VT22) 










C2 


T115MO-3AI- 


152 


165 


9.5 


81.4 




2.7Nb (Beta 21 












S) 










C3 


Ti 10V-2Fe-3AI 


111 


125 


18.5 


120.0 


C4 


Ti 4.5AI-3V- 


113 


132 


16.0 


***• 




2Mo-2Fe 












(SP700) 










*** Fracture toughness of sample C4 was not measured but would be 


expected to be relat 


very high given the 


ductility suggested by the 16% elongation measurement at fracture in the tensile test. 
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[0039] Samples C3 and C4 exhibit good ductility, but have yield tensile strengths of less than 115 ksi and ultimate 
tensile strengths of 132 ksi or less. Although adequate for some purposes, similar results may be obtained using 
wrought and mill annealed Ti 64, a titanium alloy used in aerospace applications. Sample C3 has no molybdenum and 
sample C4 has only 2 wt.% molybdenum. The other two samples, each of which had in excess of 2 wt.% molybdenum, 
s exhibited a much better balance of strength and toughness than samples C3 and C4. Samples B1 and B2 in Table 2, 
like samples C1 and C2 in Table 3, have at least 5 wt.% molybdenum. All four of these samples have tensile strengths 
superior to those measured for C3 and C4, suggesting that a slow cooling process 1 20 (Figure 3) in accordance with 
the invention is particularly beneficial for titanium alloys containing at least 5 wt.% molybdenum. 

10 Example 4 

[0040] The effect of cooling rates in the slow cool process 120 (Figure 3) were analyzed for samples of a Ti 5553 
alloy and Table 4 lists the results. Each sample was heated to a temperature above its beta transus temperature, cooled 
to room temperature at the specified cooling rate, then reheated to 11 00° F for about 8 hours and air cooled. 

15 

Table 4 



Sample 


Cooling Rate (°F/ 
hr) 


Yield Strength (ksi) 


Ultimate Strength 
(ksi) 


Elongation (%) 


Fracture 
Toughness K1C 
(ksWin) 


D1 


60 


142 


155 


10.5 


76.7 I 


D2 


500 


159 


172 


9.0 


72.2 


D3 


1000 


160 


174 


8.0 


73.2 


D4 


2000 


175 


186 


3.0 


47.9 



[0041] Sample D4, which was cooled at a rate of about 33° F/min (2000° F/hour), showed a rather substantial drop 
off in both ductility and fracture toughness, dropping from over 73 ksh/in (sample D3, cooled at about 17° F/min) to 
less than 48 ksiVin. Such low fracture toughness would render sample D4 unsuitable for many load-bearing members 
in aeronautical and aerospace applications, for example. The results for samples D1-D3 indicate that slow cooling 
rates of no more than 30° F/min, e.g., less than 1 7° F/min, are more appropriate, at least for aeronautical and aerospace 
applications. 

[0042] Table 4 also suggests that ductility and fracture toughness can be improved at slower cooling rates, although 
this may sacrifice some tensile strength. For applications seeking higher tensile strengths, a cooling rate of greater 
than about 1° F/min but less than about 30° F/min - e.g., between about 8° F/min (500° F/hr) and about 17° F/min 
(1000° F/hr) - may provide a superior balance of tensile strength, ductility, and fracture toughness. 

Example 5 

[0043] Most thicker titanium-based parts in aerospace applications today comprise wrought Ti 64. Such parts are 
typically formed at a temperate about 50-100° F below the beta transus temperature and mill annealed, e.g., in ac- 
cordance with the mill anneal process set forth in Military Specification MIL-H-81 200B. Typical ultimate tensile strength 
for wrought Ti 64 is generally on the order of about 130-140 ksi, with K 1C fracture toughness typically in the vicinity of 
about 50 ksh/in. 

[0044] Given the elevated temperature forming process and subsequent machining necessary to yield a finished 
part, a wrought Ti 64 part is appreciably more costly than a part cast from the same alloy. Unfortunately, the minimum 
requirements for cast parts are generally higher than those for forged parts because different locations on cast parts 
usually experience more significant variations in cooling rate than the same locations on a similar wrought part. The 
United States Federal Aviation Administration (FA A), for example, specifies that cast parts must include a safety factor 
of 25%, i.e., the projected maximum load carrying capacity for a part is reduced by 25% to determine whether it meets 
the specified requirement for the part. For example, if the specification calls for a part having a maximum load carrying 
capacity of 60 ksi, a cast part would have to have a nominal maximum capacity of 80 ksi (80 ksi less 25% is 60 ksi). 
[0045] To test the viability of casting large parts from Ti alloys heat treated in accordance with aspects of the present 
invention a test part having an irregular shape and a maximum thickness of about 0.75 in. was cast. The cast part was 
formed in a mold then hot isostatic pressed at about 1650°F at a pressure of about 15 ksi for about 2 hours to improve 
density. This cast part was then heated above the beta transus temperature and slow cooled (process 120 in Figure 
3) and reheated (process 140 in Figure 3) in accordance with aspects of the invention. The alloy in this cast part 
exhibited an ultimate tensile strength of about 1 68 ksi. Once reduced by the 25% safety factor noted above, the effective 
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ultimate tensile strength for use in parts design would be about 126 ksi. This compares favorably to the 130 ksi-140 
ksi ultimate tensile strength typical for wrought Ti 64, meaning that a cast and heat-treated part in accordance with 
embodiments of the invention need only be slightly thicker (e.g., 5% thicker) than a wrought Ti 64 part to meet the 
same design specifications. Manufacturing costs for cast parts are typically less than those for wrought parts, so the 
5 ability to cast parts instead of using conventional wrought 71 64 may enable significant cost savings that would more 
than offset the requirement for a marginally thicker part. 

[0046] Heat treating forged parts in accordance with aspects of the invention can also yield significant benefits over 
conventional wrought Ti 64 parts. To demonstrate the efficacy of heat treatment methods 100 in accordance with the 
invention for forged parts, the main landing gear beam for a BOEING 747, which is 1 0 inches thick in some areas, was 

10 forged from Ti 5553, heated above the beta transus temperature, and slow cooled and reheated in accordance with 
aspects of the invention. The ultimate tensile strength of a conventional air-cooled wrought Ti 64 alloy in areas 10 
inches thick may be expected to be quite poor. With great care, it may be able to achieve ultimate tensile strengths for 
such a 10 inch-thick area on the order of about 130 ksi. A 10-inch thick area of the test casting of the main landing 
gear beam exhibited an ultimate tensile strength over 158 ksi and fracture toughness over 75 ksh/in, though. Accord- 

15 ingly, a titanium-based alloy part manufactured in accordance with embodiments of the invention would be significantly 
stronger, and likely more durable, than a typical wrought TI 64 part of the same dimensions. Alternatively, a part heat 
treated in accordance with aspects of the present invention may be thinner and lighter than a wrought Ti 64 part for 
the same application. 

20 C. Specific applications 

[0047] Metal members manufactured in accordance with embodiments of the invention may find use in any circum- 
stance calling for a light, strong, and tough material. Such metal members may be used as load-bearing structural 
members, e.g., in aerospace and aeronautical applications. As noted above, aspects of the invention provide methods 
25 of manufacturing an aircraft, which methods may involve a heat treatment similar to the heat treatment method 100 
outlined in Figure 3. 

[0048] Figure 5 schematically illustrates an aircraft 200 including structural members 210 manufactured in accord- 
ance with aspects of the invention. In this particular example, the structural members 21 0 are schematically indicated 
as elements of a front landing gear assembly 215 and a main landing gear assembly 220, but the structural members 

30 210 may be used in any appropriate load-bearing capacity. 

[0049] A method of manufacturing an aircraft in accordance with an embodiment includes forming a structural mem- 
ber and assembling the structural member into the aircraft. The structural member may be formed by forming a titanium- 
based alloy (e.g., an alloy comprising at least 50 wt. % Ti and at least 5 wt.% molybdenum) into a utile shape in any 
desired fashion, including casting or forging. This formed alloy may be subjected to a heat treatment process 100 

35 generally as discussed above, e.g., by heating the formed alloy to a temperature above the alloy's beta transus tem- 
perature (heating process 110) and cooling to a second temperature below the beta transus temperature at a rate of 
no greater than 30° F/min (slow cooling process 1 20). In one embodiment, the alloy of the resultant structural member 
may have an ultimate tensile strength of at least about 140 ksi, e.g., 150 ksi or greater. The alloy may also have a K 1C 
fracture toughness of at least about 50 kshiin, e.g., 70 ksiVin 

40 [0050] If necessary, the heat treated structural member may be subjected to various post-forming operations, e.g., 
machining to provide the desired finish and final dimensions. The completed structural member may be assembled 
into the aircraft in any suitable fashion, e.g., bolting, welding, or any other known manner. Techniques for assembling 
structural members of aircraft are well known in the art and need not be detailed here. 

[0051] The above-detailed embodiments of the invention are not intended to be exhaustive or to limit the invention 
45 to the precise form disclosed above. Specific embodiments of, and examples for, the invention are described above 
for illustrative purposes, but those skilled in the relevant art will recognize that various equivalent modifications are 
possible within the scope of the invention. For example, whereas steps are presented in a given order, alternative 
embodiments may perform steps in a different order. The various embodiments described herein can be combined to 
provide further embodiments. 

so [0052] Unless the context clearly requires otherwise, throughout the description and the claims, the words "comprise," 
"comprising," and the like are to be construed in an inclusive sense as opposed to an exclusive or exhaustive sense, 
i.e., in a sense of "including, but not limited to." Use of the word "or" In the claims In reference to a list of items is 
intended to cover a) any of the items in the list, b) all of the items In the list, and c) any combination of the items in the list. 
[0053] In general, the terms used in the following claims should not be construed to limit the invention to the specific 

55 embodiments disclosed in the specification unless the above-detailed description explicitly defines such terms. While 
certain aspects of the invention are presented below in certain claim forms, the inventors contemplate various aspects 
of the invention in any number of claim forms. Accordingly, the Inventors reserve the right to add additional claims after 
filing the application to pursue such additional claim forms for other aspects of the invention. 
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Claims 

1 . A method of forming a metal member, comprising: 

s forming an alloy into a utile shape, the alloy comprising at least about 50 weight percent titanium and at least 

about 5 weight percent molybdenum; 

cooling the alloy from a first temperature above a betatransus temperature of the alloy to a second temperature 
below the beta transus temperature at a cooling rate of no more than about 5° F/minute; and 
thereafter, treating the alloy for a period of about 1-12 hours at a third temperature of about 700-1100° F. 

10 

2. A method of forming a metal member, comprising: 

forming an alloy into a utile shape, the alloy comprising at least about 50 weight percent titanium and at least 
about 5 weight percent molybdenum; 
15 cooling the alloy from a first temperature above a beta transus temperature of the alloy to room temperature 

at a cooling rate of no more than about 30° F/minute; and 

thereafter, treating the alloy for a period of about 1-1 2 hours at a third temperature of about 700-11 00° F. 

3. The method of claim 2 wherein the utile shape has a maximum thickness of at least about 6 in., the treated alloy 
20 having an ultimate tensile strength of at least about 1 50 ksi and a K1 C fracture toughness of at least about 70 ksivin. 

4. A method of heat treating a titanium-based alloy, comprising: 

cooling the alloy from a first temperature above a betatransus temperature of the alloy to a second temperature 
25 below the beta transus temperature at a cooling rate of less than 30° F/minute. 

5. The method of any of claims 1-4 wherein the cooling rate is at least about 1° F. 

6. The method of any of claims 1-5 wherein the second temperature is less than 700° F, further comprising heating 
30 the alloy to a third temperature of at least about 700° F but below the beta transus temperature. 

7. The method of any of claims 1 -6 wherein the second temperature is less than 700° F, further comprising heating 
the alloy at a third temperature of about 700-1100° F. 

35 8. The method of any of claims 1-7 wherein the second temperature is less than 700° F, further comprising, after 
cooling the to the second temperature, heat treating the alloy at a third temperature of about 700-1 1 00° F for about 
1-12 hours. 

9. The method of any of claims 1-8 wherein the alloy comprises at least about 5 weight percent molybdenum. 

40 

10. The method of any of claims 1-9 wherein the alloy at the second temperature comprises a beta microstructure 
including a fine, acicular alpha phase. 

11. A method of manufacturing an aircraft, comprising: 

45 

forming a structural member by forming an alloy Into a utile shape, the alloy comprising more than 50 weight 
percent Titanium and at least about 5 weight percent molybdenum; and 

cooling the alloy from a first temperature above a beta transus temperature of the alloy to a second temperature 
below the beta transus temperature at a cooling rate of no more than about 30° F/minute; and 
50 assembling the structural member into the aircraft, the structural member being in a load-bearing position in 

the aircraft and having an ultimate tensile strength of at least about 150 ksi and a K1C fracture toughness of 
at least about 70 ksivin. 

12. The method of any of claims 1-11 wherein the cooling rate is about 1° F to about 5° F. 

55 

13. The method of any of claims 1-12 wherein the second temperature is less than 1400° F. 

14. The method of any of claims 1-13 wherein the second temperature is less than 100° F. 
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15. The method of any of claima 1 -14 wherein the cooling rate is a first cooling rate, the method further comprising 
cooling the alloy from the second temperature to room temperature at a second cooling rate that is faster than the 
first cooling rate. 

16. The method of any of claims 1-15 further comprising air-cooling the alloy from the second temperature to room 
temperature. 

1 7. The method of any of claims 1 -1 6 wherein a microstructure of the structural member comprises a beta phase and 
a fine, acicular alpha phase. 

18. The method of any of claims 1-17 wherein the alloy is formed at a forming temperature below the beta transus 
temperature, further comprising heating the formed alloy to the first temperature. 

1 9. The method of any of claims 1 -1 8 further comprising, before cooling the alloy, casting the alloy at a first temperature 
below the beta transus temperature and heating the formed alloy above the beta transus temperature. 

20. An aircraft comprising a load-bearing structural member, the structural member comprising a metal memberformed 
by the method of any of claims 1 -1 9. 
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(Prior Art) 
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(Prior Art) 
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